
LA-UR -80-500

TITLE: INTERFACING PRIMARY HEAT SOURCES AND CYCT.ES FOR THERMOCHEMICAL
HYDROGENPRODUCTION

AUTHOR(S): Melvin G. Bowman

I

SUBMllTED TO: WI world Hydrogen Energy Conference, T6ky~, Japan,
June 23-26, 1990

Bymcmptwra of thh wM., tha fmblhhw mcognlmt Itrm W
U.S, Gowrnmsnt mtdm snomxclwlw, rovaltv. fmollrn~
to publishor mprodua the oublhfud form of Mconwfbu.
tlon, or 10 ●now olfwrt to do to. for U.S. Gowrmnoni pur.
Imuo,

Tfu Los Alsw Schtlflc Loborcfory mquogtithat th pa.
Ihhw IdontlFy thh ●rtlclo m work parforrmd under tlu ●IS.
PICW of th U.S. ~parirrmt of Erwr~,

L%%LOS ALAMOS SCIENTIFIC LABORATORY
Post OffIceBox 1663 1os Alamos, New Mexico 87545
An AffkmatlveAction/EqualOpportUni~Emti

, 11, . , ;’,,!INI‘M:Tr~
tUNITED ● TATEB

-. ..-.”.... -. ------

rm No, IIW R3
No. 2029

About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov



,. -. ,

INTERFACING PRIMARY HEAT SOURCES AND CYCLES
FOR THERMOCHEMICAL HYDROGEN PRODUCTION

Melvin G. Bowman

Universit of California
{Los Alamos Sc entlflc Laborator

~Los Alamos, New Mexico, U.S.A. 87 45

ABSTRACT

Advantages cited for hydrogen production from water by coupling thermochemical
cycles with primary heat include the possibility of high efficiencies. These can
be realized on?y if the cycle approximates the criteria required to match the char-
acteristics of the heat source. Different types of cycles may be necesszry for fis-
sion reactors, for fusion reactors or for solar furnaces.

Vei-yhigh temperature processes based on deco~osition of gaseous H20 or C02 appear
impractical Even for projected solar technology.

Cycles based on CdO decomposition are potentially quite efficient and require i:io-
thermal heat at temperatures that may be available from solar tlmnaces of fusiot]
reactors.

Sulfuric acid and solid sulfat~ cycles are potentially useful at temperatures
avallablc from ~ach heat source. Solid sulfate cycles offer advantages for iso-
thermal heat sources.

All cycles urlder dcvelopmnt include concentration and drying steps. Novel n~thods
fol’improving such operations would be beneficial.

KEYWORDS

‘rh(!rmocllcmi~dl}lY~ro(Jcn;SYnfucls from fusion; solar fuels; hydrogen energy; pt’o-
cess IloatappiicdtiohSm
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characteristics of the heat source. Therefo%, it Is of interest to consider the
criteria for ideal cycles in terms of their potential for practical adaptation to
available heat sources.

IDEAL CYCLE CRITERIA

One method for selecting cycles for
sented previously (Bowman, 1974) in
cycles. It Is presented again here
lems of interfacing water splitting

specific maximum temperatures has been pre-
terms of thermodynamic criteria for “ideal”
as background for the consideration of prob-
cycles with heat sources such as high tempera-

ture fission reactors, fusion reactors and solar concentrator systems.

Consldera two-step (single temperature cycle) process in which a reactant (R) re-
duces water at a low temperature (T ) to evolve h;’arogenand form the compound RO

i!(R nay also be an oxide), fullowed y thermal decomposition of RO at high tempera-
ture (T2) with the evolution of oxygen. The reactions can be written as:

R+H20+RO+H2atTl (1)

RO+R+l/202atT2 (2)

If an ideal cycle is considered to be one in which AG” = O for all reactions,
and If one utilizes the approximation

‘GOT “A”;911 - T ‘Asi98

“ideal” values for entropies and heats of formation (from R + 1/2 02) of the com-
pound RO are approximately defined by the expressions:

“ideal’’AS°F ■ AG~ (H20) : atT1

(T2- ‘1)

“ideal’’J.H~ CL\SO x T2

where AGO(H O) is the free energy of forr,mtionof water at T1 (the low temperature).
To illus[ra&, ifwe assume T, = 400 K (where AGO(tlO) =-224 kJ), and assure dif-
ferent tcmperatuns for T2~ the corresponding pa~am6ters computed for RO are those
given in Table 1.

TADL~ 1—A.

‘2
-ASOr(ROj -AH~(RO)

1200 2M) J/K 336 kJ

1500 ml 306

2000” 140 21]()

2500 107 2W
Sil’’l[! I!l!tt’{)l)it!$ of f~~mllklti~~~lt)fOXi&s (lM!rOX~~(l(.!ll,ltL)lll) dr[! i:~lilt”tl~t~rl%t~~dl [,Y
IIL!(II’ -1(](] J/K, (t [~ ~l{!~~rt.l~atv(!~tYhi@\ t{!lll~)l!t”,ltul’[}%will 1)(! N}(lu!l”c!d fdt’ twO-
:lt[t~)oxidp CyC]I!S, Thi% ohs(~rvatIon i s tt}(q 1)(11.I:.for ])111)1iSh’d %t,lt(?llwl}t% thd t,

tkll)-’itl!l) ~ycl(!s ~r[! ll~t f[!~~i~)]l,,A~tu~llY, t.wt]-~t.[?~)[~,y[:l[~~,lN!~)os~itl)l(}, It} I~IaiII-
~:il~ll’s I!V(!II for rl?ldttvl~ly low mi~)({tllilln t(~llll)(!l’,ltlll’c% if Otl(! Cd;] !di’l:t,!~y lJSiJt.I\L’
f’l!d(:tiol\’, w i tl\ tl]l! IM\CC*T,~lIIQyI ,irgu Wtil’l)l)y Ch{illl]i:s. It %hou1d 1)1’rl’coqn!Zl!dt}1!1t.
thl! VII I Ul!’; III ~dl)ll~ 1 ,I;’I! 111”111IIIIIJIII ,lh%() I Ut(! V(I I !1(!’,, I.(IW tl!llU~Cl”Iit.lJl’f! l“MCtinPr, Cdll-
IIOt r[!dli’ir,lc~llyI)IDrxp[~[:tl!dto [)rcurat.d ronwmhl[! riif.(!ul~lo~%thu frcu cnl~rqy
Ctldllg(! l!iIl(!g,ltivoby O !ii!JtliftcJf)t WOullt. Ttwrcluw, thu low t{!ly)uraluri!
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reaction (or reactions) will be more exothermic than reaction 1 and the high tem-
perature reaction or reactions will be more endothermic than indicated by reaction
2. It should be emphasized that the above treatment tacitly assumes that the re-
actions occur isothermally at the specified temperatures. When the cycle contains
additi 1 endothermic steps at lower than the maximum temp~rature, or if the re-
action : urs over a temperature range (e.g., shifting equilibria for gas phase
reaction ASO and AHOrequirements will be larger than values in Table 1 for the
indicated ‘laximumtemperature. Consequently, the “ideal efficiency” or figure
of merit WI1l be lower.

HLAT SOURCE CHARACTERISTICS

Until relatively recently, high temperature gas cooled reactors were the “target”
heat sources for thermochemical hydrogen cycles. The best known prototype reactor
of this type is the AVR at JiNich. This reactor has an excellent operating record
with an outlet helium gas temperature of ‘1225 K and an inlet temperature of 550-
600 K (Schulten, 1979). Thus in order to interface well, a thermochemical cycle
for this heat source should contain an endothermic step or steps to accept heat
relatively uniformly over the indicated temperature range. It is usually assumed
that an intermediate heat exchanger will be required between the reactor gas
stream and the chemical process loop witn a resultant decrease in the upper useful
temperature. However, “advanced” reactor fuels are essentially demonstrated and
it is not too optimist~c, perhaps, to assume process heat temperatures near 1300 K.

Recent and current studies have been concerned with synthetic fuels production
from fusion reactors. It is usually recc~gnized that hydrogen is the “prime” syn-
thetic fuel and conceptual processes have been developed for coupling high tempera-
ture heat from fusion reactor blankets with thermochemical hydrogen cycles (Booth
and colleagues, 1978) and with the high temperature electrolysis of steam (Fillo
and colleagues, 1970). From these studies, it apmars outlet temperatures of
‘1600 K could be achieved with circulating inert gas or liquid metal systems. In
a recent study, Pendergrass (1979) has analyzed the characteristics of process
heat Tctcntially available from fusion reactor blankets. From this study it seems
rn~so;,,,bleto assume that nearly isothe~.inalprocess he~t can be t~t.tractedby SjS.
tenrsbased on metal liquid/gas vaporization/condensation systems at tf.mperaturl~
of, perhaps, ‘1700 Kor even higher,

The UtilizatiOrl of solar energy for the prociuctiun of fuels and chemicals is a
popular concept th~t appears to be attracting iin increasing constituency. CCr-
toilllythe concept merits serious consideration despite thu fact that solar con-
ccntriltorsystems are expensive and solar heat intermittent. From the viewpoint
of l)r(,)CUsj heat for thermochemical hydrogen production, it is important to note
tilotsol(~rth[:rnlalsystems can deliver n~ar isothermal heat at ve~high tempera-
tures, Ttwrcforc, high cfficienclcs (almost necessary for ~olor t!lermalprocesses)
cu~JldIN!rcalizc(ifor cycles that approximate tileideal critori,~ described above
dfldfllso il~tcrfact!WC1l WI th a solar furndcc. Tcmpcr~LuPc% available f(.)ri)rilc-
t!cdl procty:;sesfirestill unccrtdin, It is obvious that matoriali problems I)CCOIIIL!
irlci’lld:;in(jlydlffjcult ,ltvl?ryIligi]tcrlperatur(?so Further, at SCNIW poirlt, radii)-
t.i(lll 1[)5:;[!!; frt]nl~~l]tralrc~oiv~r tar~j[?tswill itlcrl!,lsur~pidly ,lIlci ovorsh{~dow
ilrl~ ~ldvtlf]ttl(y! of jrl~r[~asil~qt(:ll]l)[)ratur(?for n pt”nc(p%%. (kt’t,lillly,ll]a~illlulnl)t’Ll~-

ti[:llltt?llll){~l”;ltll)~(?swI?I lIC”W~pllIM!1OW comllututlivluilii]riunl0).
tLJ1’l”;fOl’S(.)1(]1’furnllco~,

‘,L{lqnd t 1OH t.(WllM!rtl-
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CYCLE TYPE VER5US TEMPERATURE DOMAIN

As indicated in the introduction, high efficiencies for thermochemical cycles can
be achieved only if the temperature and heat delivery characteristics of the heat
source approximate the requirements of the cycle. Therefore, it is instructive tci
corsider the suitability of the heat sources to specific cycles requiring different
maximum temperatures.

‘irect l)ecomposit~onof H20 and C02

The decomposition of H O(g) has been proposed several tinw. It is clear that the
6low entropy change ass ciated with this homogeneous decomposition reaction implies

a low reaction yield even for the maximum credible temperature listed for a prac-
tical solar heat source. Fletcher and Moen (1977) have proposed operation at low
pressures to enhance reaction yields. They have also recognized the necessity of
separating the hydrogen and oxygen at temperature in order to avoid the extremely
rapid back reaction as the gases are cooled and have proposed a separation based
on the difference in effusion rates through a ceramic membrane or gauze. However,
for temperature limitations imposed by materials properties as well as radiation
losses, decomposition yields rel,’ainlow (even for the proposed low pressures) and
realistic assessments indicate efficiencies for heat utilization are toc low for
practicality.

The direct thermal decomposition of carbon dioxide seems to offer advantages over
water decomposition for a high temperature process. Because of a larger decompo-
sition entropy, at temperatures above 1100 K decomposition yields are significantly
higher. The dry gases could be quenched to lower temperatures by means of a noz-
zle expansion without excessive back reaction. However, in order for this pro-
“ess to be of value, a practical low temperature method t’orseparating carbon mon-
oxide from oxygen and for separating carbon dioxide from hydrogen would be re-
quired. Further, it would be necessary to dry the car>on dioxide before each high
temperature step since traces of water greatly accelerate th~ oxygen-c~~bon mon-
oxide reaction at high temperature.

In sununary,it seems probable that the problems associ~ted with the direct decom-
position cycles are, and will continue to be, more difficult than problems asso-
ciated with including additional reactions in cycles that pennit lower tempera-
ture operation and still yield high efficiencies if the ideal cycle criteria can
be approximated.

~!Q I’locomposltionCycles.

As indicated abovr, solid Oxide dccoml)o~itionreactions exhibit entropies near
10flJ/K (pw oxygen atom). Thus, an examination ofTablc 1 indicates a deconpo-
Sitiofltt!mp[!raturcnear 2700 K for an ~xidt!suitable for a two-step cycle. How”
ever, soitu!oxid~!scxhlbit larger ~ntropi[!sand consequently lower decomposition
tcmp[!raturt!s.A two-step iron oxide CyCIC )“osbeen proposed several times for use
with W!nr h[!dto The cyclr!tna,ybc dcscribml by the following reactions:

mo I 1120 ● r0304 + 112 (3)

?Jlf291,): with U20(~’.)~:-19 kJ, AS” = +24 ,1/K

With H20(q) = -63 kJ, .\S”N -W J/K

“4-



‘e304+ 3Fe0+ 0“5 02 (4)

%98
= +305 kJ, As” = +139 J/K

Decomposes to FeO(l+x) liquld at-2150 K

Reaction (3) is a known reaction. Reaction (4) (written as a solid decomposition
reaction) exhibits one of the largest entropy changes known for this type of re-
action. At first glance the cycle seems promising, but as one should expect, and
as Tofighi (1978) and colleagues found, Fe304 melts before it decomposes and oxy-

gen evolution is over a relatively narrow liquid homogeneity range. It is unfortu-
nate, perhaps, that Fe O melts before it decomposes since suitable substitutes

3 f cycle have not been identified.for Fe304 in this type o

A second type of two-step, oxide cycle includes a solid decomposition reaction to
form two gaseotisproducts rather than a condensed phase and gaseous oxygen. The
extra gaseous product increases the decomposition entropy and this implies a lower
temperature process. The concept can be illustrated by the following equations
(where M is a netal),

M(s) + H20 ~ MO + Hz (at Tl) (5)

MO + M(g) + l/~ 02 (at T2) (6)

Typical ASO 200-210 J/K

If the typical ASO for reactions presented by equatign (6) is compared with values
listed in Table 1, a temperature difference of 1100 is implied for this cycle.
However the high temperature endothermic Beat requirement includes the sum of the
heat of sublimation of t e metal plus -AHII

(MO) and h~gher values of T will be
required for the T x AS term to match th$ overall AH. Since entropi~s of
vaporization for m&als are fairly similar, the ideal ntal for this type of cycle
would be one with a low boiling point (to minimize heat of vaporizatlonJ that
would just reduce water at low temperature. Cadmium and zinc are two candidates
frequently mentioned for this type of cycle. :;eitheris an ideal candidate al-
though both have relatively low boiling points. Published boiling points and
oxide decomposition temperatures are as follows:

CdO: Td ❑ -1750- 1850 K, BP (Cd) = 1038 K

ZnO: Td = -2300 K, 8P (Zn) = 1180 K

Frompublished thermochemical data,reaction (5)with Cd should not be expect~d and,
In fact, does not uccur. However, PangbGrn (1976) descri~cd an electrochemical
nnthod for pronmting the reivction. The proposed cycle was not developed into an
actu,llprocess since projected gas ccolcd reactors (the “target” heat sources at
thdt time) were not suitat.rl~for the hiqJhtcmp(!rnturcisotllormillstep, even for
th~ lower CdO decomposition t[?nq]cr~turcssol~ltinus r[!ported,

III contrdst to the Cclcycle, rcactlon (5) with ZII is very cxothurtnic. This diffor-
encc is rufluctcd itl th~ IIIUCII }]igh[lr OXiCIU dct:ollll)ositi[))l” tnrvq)(!rakur[?s. Sincr! back

rca(:tioll 1)~’t~ul~ OXY(JOI) and qa~cr)us IINtal atomr must. I)U Illi))llllilll tho hi!jhdCCOlIII)U-
sitiOll tclnpcroturefor ZII() I;lq)ll(!s a v[!rt difficult c,ycl[? ov(m if th{! hi@l t[!llll)L!rLi-
tu~-~ l%otll(!)ln,ll l]~nt ~~ur~u iS ilv~ilal)ll!, Thprt!forl!o dIT~;pit,c thfq difficult,low
twllpur”il tutv! r(?~c t i otl, cndmi UIII ~lppi!,lr~ to h{! t.hl! h[!’; I Cnll(lld,lf .(? for tlli% typl!Of
LyCll!. At LASL, a “put’n”tll[?nlk)ctl(’1lll [:11I Cycl[! i s 1111’li~l” %tlldy th,lt ,11s0 lllc:orlM)-
I’JtC!i th(! ll~c(!llll)osftjoll” of ~i](;llllLJlll oxidt! (M1iI;()~I- lg[~(] ) ● I t IIMYINPdnscri hod hy
thu Followi IIg rcacti[)llss
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Cd + H20+ C02 + CdC03+ H2 (low temp.) (7)

CdC03 ~ CdO + C02 (-575 K) (8)

CdO + Cd(g) + 1/2 02 (1600-1800 K) (9)

Cd(g) ‘~ Cd(l) 5= Cd(c) (10)

Reaction (7) to form the carbonate does take place, but the yield is llmited by
the formation of a protective layer of carbonate on the cadmium metal. However,
encouraging results have been achieved in reactions where NH Cl is used as a
catalyst f-r the reaction. The cadmium oxide based cycles o$fer the potential for
hi h efficiency if:
(l! Solar heat or fusion heat can tieutilized effectively for the oxide decom-

position step.
(2; The back reaction between cadmium vapor and oxygen is sufficiently slow.
(3) The low temperature reaction can be conducted at a practical rate and the

resultant solid does not adsorb or occlude too much water.

Sulfuric Acid - Metal Sulfate Cycles

These cycles were developed from attempts at LASL to use the criteria described
above to identify cycles with a minimum number of reaction steps and maximum
temperatures below 1300 K. Since ASo values for decomposition reactions increase
with the number of gaseous molecules evolved, our early studies were directed
toward cycles involving the decomposition of sulf~tes(Bowman, 1974). The concept
can be illustrated by the following

MO + S02+ MS03

MS03 + 1120+ MS04

MS04+ MO + S02 +—

equations:

(low temp.) (11)

+H2 (low temp.) (12)

0.502 (high temp.) (13)

Typical A5° 275-290 J7K

From the typical ASO of the overall sulfate decomposition, an inspection Of Table
1 inciicatcsthe possibility Of a two-step cycle with an “ideal” teml]eraturedif-
ference of 8000 between low temperature and hiqh temperature reactions. Of
course, larger temperature differences would be necessary.

It should be noted that reactions (lJ)and (12) do not represent equilibrium chem-
istry. For equilibriumat low t~mperatur-c the sulfite ~hould undergo one of the
followlng rcactlons.

MCI+ S02 ~ 0.75 MS04 + 0.25 MS (14)

M(J+ 1,5 S~2h MS04 + (),5S . (15)

I’111’ttl[!r,if I}ydroq(!ll weru cvolvcd Iflrotlction (12) it could ?Tduce ttl(? lllC!tOl
sulflt(! iic~o).(jtn(j to th~ c~luatl[?ll:

MS(13+ 3112● MS+ .ML,O . (16)L

ll[Jwf!vI!P,must sulfiL(!tform IIf]ddecuni~)or[!withoul.l’vldi:fm!of I.IN!equilibrium
r{!dctiotltj,Thus, wt!w’tv!L!ncou;,IfJI!dto ~ttul!ll)tto [)romot(!r,!,l,:t10I1(12) In
Illillly fli~f~!rullt Sulf(ltc syst[!ill!, rq7ri!sl~tltlng d With! t-dtl!j(? of stdbility. our
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resuits have never included significant hydrogen yields. In most cases, the
equilibrium reactions were also not observed.

As a variation of sulfate cycles we also studied cycles based on the formation and
decomposition of sulfuric acid. Several reactions to form sulfuric acid solutions
were promoted successfully. Such cycles are currently receiving the major fraction
of the worldwide development effort conmitted to thermochemical hydrogen processes.
It should be noted that the overall decomposition of sulfuric acid includes a solu-
tion concentration step, an evaporation step to form H2S04(g), a decomposition

step to form H20(g) plus S03(g) and the decon!losition of S03 to form S02 plus

0.5 0 .
?

Since homogeneous decomposition reactions occur over significant rangesof
tempe ature, the overall process accepts heat over a wide temperature range with
the maximum temperature dependent on the pressure of the system. Thus, sulfuric
acid cycles are compatible with the heat delivery characteristics of gas-cooled
reactors. However, it should also be noted that processes to form sulfuric acid
yield the acid in solution and significant energy is required to concentrate the
acid prior to the decomposition step. One potential method for reducing these
energy requirements involves reacting the sulfuric acid solution with a metal oxids
to form an insoluble metal sulfate, in principle the sulfuric acid concentration
step can be eliminated and corrosion problems can be minimized since the sulfuric
acid vaporization step is avoided and the final decomposition involves only the
solid and dry gases. The application of the concept to the hybrid sulfuric acid
cycle is described by the following equations:

S02 + 2H20+ H2S04(S01) + H2 (electro. ) (17)

‘0 + ‘2s04 + ‘s04+ ‘2° (1ow temp. ) (19)

MS04 ~ MO + S03 (high temp. ) (19)

s~3 + S02 + 00502” (high temp.). (20)

For nighest efficiencies, the metal sulfate shculd be insoluble, should not fotmma
hydrate and should not require excessive heat for its decompositiorl (i.e,, should
decompose near the S03 decomposition temperature).

One potential solid sulfate system being studied at LASL (Cox and colleagues,
191]0)involves the formation and decomposition of bismuth oxysulfate. The overall
cycle includes the reactions

S02 + 2H20 + H2S04 (sol.) + H2 (electro. )

H2S04 (sol.) + Bi202S04 + Bi20(S04)2 + H20

Bi20(S04)2 -PBi202S04 + S02 + 0=5 132-105o K.

(21)

(22)

(23)

Sirrccreaction (27) requires only rcl~tively dilute sulfuric acid, it IS possible
th;ltless ~~lcctricdl energy ~vill be required for the electrolysis step (reaction
(?] th,ll]is required for the hybrid sulfuric acid process.

It is inturcsting to note th~t the use of the solid :.,lfatc alters the character
of the he{ltdesired for the cycle. To illustrate: If 1.14 molt!s of [Ii 0(S0,,)7
Wn! tll?at(!(] to 1125 K, 6th~?mluilibrium di~sociation pr[~ssure wculd be J out -
4.? dt[;:ozphcrosand consist of’ !iO’”) SO 25:’,so. and 25; @ : [f th(?CWIW?[I (Jllscs
wl?rr?thr’nhc~t~~dOt c~rlst,lntpros.;urcz;o 13(N)t!,the cqui{lhrium would shift to
61; 509; 11.W SO and 30,5’,:0,,. rhc SO would IN? O!l’, dissoci,ltcd aIId a total Of
unc mote of 502 jruduccd. iTh6 total he t requirumnt would be about 270 kJ of

-7-



near isothermal heat at 1125 K and an additional (net)23.6 kJ for the additional
gaseous decomposition between 1125 and 1300 K. If one assumes that the total heat
requirement is supplied by helium cooled from 1300 K to 1125 K, it would be neces-
sary to circulate a minimum of 81 moles of He for each mole of SO produced. In

?contrast, if 1.17 moles of H2S04(~) were heated to 700 K, the equ librium pres-

sure would be 10.6 atmosp”.-res and consist of H2S04(g), H2)(g), S03(g) and small

quantities of S02 and 02. If the gases were then heated at constant pressure to

1300 K, the equilibrium composition would be approximately 41.2% H20(g), 6% S03,

35.22 S02 and 17.6 02 and contain one mole of S02. The heat requirement would

be about 114 kJ of near isothermal heat for the vaporization/decomposition step
at 700 K and an additional net of 162 kJ for the addit onal gaseous decomposition
between 700 and 1300 K. If one assumes that heat is supplied by helium cooled
from 1300 to 700 K, it would be necessary to circulate a minimum of 19 moles of
He for each mole of SO produced.

6
About 41% of the heat content of the circulating

helium would be requir d for the isothermal step at 700 K. Thus, sulfuric acid
decomposition does not couple ideally with heat delivered fr~m a gas cooled reac-
tor. However, it is a better match than the solid decomposition which will couple
better with an isothermal heat source.

It should be emphasized, that relatively large quantities of energy are required
for drying sulfuric acid solutions before the acid is vaporized and decomposecl.
In addition large quantities of energy are required for the overall process of
formilg sulfuric acid and evolving hydrogen whether it is via an electrochemical
step or whether it includes a sub-cycle to form and decompose a hydrogen halide.
The potential advantages of inserting the solid sulfate are primarily the possibil-
ity of reducing energy requirements for both operations.

Alternate Sulfate Cycles

Although bismuth sulfate was chosen as an example for the above discussion of sul-
furic dcid-solid sulfate cycles, it is possible that alternate sulfates may prove
to be better for practical cycles.

SOrreof the sulfate decomposition reactions that have been considered for hybrid
sulfuric acid-solid sulfate cycles are listed in Table 2. The overall heat

1.

2.

3.

4.

5.

6.

7.

L!.
g.

10.

TABLE 2 Sulfate Decomposition to Form S02 + 1/2 02

Solid Phases
H;98(kJ)

—— . —.
BaS04 + BaO 585

CaS04-~CaO 510

4201/3 La2(S04)3~ 1/3 La203

MgS04 + MgO 3to

ZnS04 -PZnO 334

CUS04 ~ Cuo 310

1/2 La2 (S04)3+ 1/2 La202S04 (32(I- 340)

270Ui20(S04)2 ● ‘i2°2s04

C~S04 + M003 -~CaMo04 336

(2’)0)1/3 La2(S04)3 + Mo03 } 1/3 La2(MC)04)3

-8-



requirement (AHo~g~for ~ach indicated decomposition reaction is also listed. It

should be noted that ~S” values for the decomposition reactions are quite similar.
Hence a higher AHo98

f
value implies a higher decomposition temperature and a lower

overall efficienc . Consequently, from the viewpoint of efficiency alone, the
listed bismuth oxysulfate decomposition would be the reaction of choice. However,
in addition to the fact that bismuth is quite expensive, there is the possibility
that a more stable sulfate will be better suited to reducing the en~rgy required
for some overall process to form dilute sulfuric acid and evolve hydrogen. The
elimination of sulfuric acid as an intermediate might be sufficiently advantageous
to justify use of the more stable sulfates that would require isothermal heat
from solar furnaces or an advanced “heat pipe” system for extracting heat from the
blanket cf a fusion reactor or from a very high temperature fission reactor, Con-
tinuing studies are being made to evaluate the advantages of alternate sulfates
(Hollabaugh, 1980).

Low Temperature Cycles

From the previous discussion, and the projected availability of high temperature
heat sources, one might conclude that there is little motivation to develop ‘the-
rmochemicalhydrogen processes for temperatures below 1200 K. However, it is also
true that lower temperatures can simplify materials and process problems. There-
fore, since optimized high temperature cycles have not been demonstrated, low
temperature cycles (below 1000 K) may still mrit attention.

During the 2nd World Hydrogen Energy Conference, Kondo and colleagues (1978) de-
scribed a low temperature magnesium-iodine cycle. Appleman and colleagues (1978)
presented a low temperature mercury-iodine cycle. Both cycles include extensive
evaporation from solution. From the viewpoint of engineering efficiency and
costs, solution evaporation steps are disadvantageous. Nevertheless, it must be
recognized that every cycle under practical de’’elopmentat this time includes
such steps. Therefore, it would be prudent for the thermochemical hydrogen com-
munity to identify and develop general methods for improving process features of
s~lution chemistry. For example, It would be useful to seek solution processes
that permit phase separation rather than solvent evaporation. It is certainly
obvious that better methods for processing solutions would improve present thermo-
chemical cycles and also extend the range of temperatures for interfacing thermo-
chemical cycles with different heat sources.
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